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Abstract 

A detailed study of the excitation of giant dipole modes (GDR) 
in intermediate energy heavy-ion collisions is presented in the 
framework of a full (non linearized) L.andau-Vlasov equation. After 
having recalled the basic inputs of this dynamical formalism, within 
insisting upon the limitations of the Uehling-Unlenbeck collision 
integral and upon the introduction of a realistic (isospin dependant) 
effective interaction, we present our u )ls for analysing the GDR in 
the simple case of isolated nuclei. We then pass on to simulations of 
collisions ;md discuss in some del ail isospin modes in the model 
l 2 Be • >2C reaction. Results obtained for the energy of the excited 
dipole mode are in agreement with what is expected for excited, 
rotating, giant dipole oscillations in deformed nuclei 

I - Introduction 

Giant resonances built on excited slates of the nucleus are 
presently of challenging interest both experimentally and 
theoretically [1,21. The first experimental evidences for the 
existence of excited giant dipole (GDR) oscillations have very 
recently been obtained in intermediate energy heavy ion collisions 
(some 10 MeV/A) both in spherical and deformed nuclei 13,41. 
Moreover, systematic studies of the excitation energy /temperature 
dépendance of these dipole modes are beginning to be available, as 
for example the extensive analysis of the Ar • Ge system recently 
performed in Grenoble at several beam energies between 15 
MeV/A and 25 MeV/A [5.61. The basic conclusion of these (various) 
experiments, apart from the possible shape transitions which one 
could trace back through the splitting of the GDR strength, is that 
the phonon energy associated to this "hot" dipoie resonance is very 
little temperature dependant while its width, on the contrary, more 
strongly varies with the temperature [ll. In addition to these giant 
motions built on " equilibrated " nuclei, out of equilibrium 
modes are also present in heavy-ion reactions. The charge 
equilibration process, for example, can be observed in the entrance 
channel of deep inelastic heavy-ion collisions and seems to be 
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associated to a giant, possibly large amplitude, collective mode {7J. 
On the other hand, isospin modes are also present at the onset of 
fusion reactions although their experimental observation is more 
questionable, due to the moment they occur and to the fact that, 
coatrarily to deep inelastic collisions the two nuclei do not 
reseparate. Anyhow, as for a given system there is a continuous 
path between actual charge exchange collisions and fusion reactions, 
the latter case offers a better framework for a quantitative 
description of this kind of isospin modes, due to the longer time 
scales involved. 

From a theoretical point of view the prope? description of hot 
or excited giant resonances is far from being easy, basically because 
of the fact that as soon as a finite temperature is assumed, all levels 
are statistically occupied with a Fermi factor, which mattes even the 
definition of the equilibrium state of the hot nucleus very delicate. 
Recent progress has however been made in this direction 181, 
allowing for a proper study of finite temperature isoscalar giant 
resonances [91, which also demonstrated the crucial rote played by 
continuum effects both on the energy and width of the resonances. 
Other static approaches, either more phenomeonological 110.111 or 
more microscopic (12,13.14]'-were also investigated both for 
isoscalar and isovector modes (in particuler the GDR) and led to 
similar results (small temperature dépendance of the collective 
modes) at low temperatures, where they were relevant. Time 
dependant calculations were also performed 11 Si and. in particular, 
extensive studies were done within using a linearized form of the 
Vlasov equation [16.17]. At various levels of sophistication all these 
calculations lead to the basic conclusion, in agreement with 
experimental data, that the energy of the giant modes very little 
depends on the temperature T (a smooth decrease with increasing 
T) while the width more strongly varies with the excitation energy 
or the temperature. 

From the nuclear reaction point of view we shall focus on, it is 
also very interesting to simulate heavy-Ion collisions in which giant 
modes may be excited. Apart from the case of pure standard small 
amplitude giant modes, many questions can be addressed such as in 
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particular the charge equilibration process 171. Some TDHF 
calculations were performed to study the collective motions excited 
in low energy heavy ion reactions 118.19) and an analysis of the 
charge equilibration mode was presented in Kef. [191. The recently 
developped solution of the Landau-Vlatov equation, in which two-
body collisions are included, is also a nice framework for both the 
study of giant resonances and of charge equilibration and attempts 
were recently made in the latter direction but with a very 
schematic nuclear interaction, not well suited to isospin modes I20L 
The major interest of this kind of "realistic" simulation is however 
to provide a "complete", unified, description of the collision without 
any ad-hoc inputs for describing a specific collective behavior. This 
point is particularly important, as in an heavy ion collision, various 
collective modes (compression, dipole, quadrupole...) possibly of 
large amplitude are simultaneously excited and interfere with each 
other. Moreover, the collision integral simulates the "natural" 
microscopic heating of nuclear matter in an heavy-ion reaction, 
which, ipso facto, eliminates the difficulties connected with the 
proper definition of an excited/hot nucleus. Let us finally mention 
the pure dynamical effect» such as rotation and time evolution of 
the shape of the system, which are also naturally included in the 
approach. 

In this paper we present calculations of giant dipole modes 
excited in heavy ion-collisions in the framework of a full 6 
dimensional son linearized Landau-Vlasov equation, which 
consequently includes any possible deformations and vibrations of 
the Fermi sphere «curing during giant modes (zero sound, 1211). 
This framework has the fundamental advantage of needing no ad 
hoc'inputs for describing collective motions. We shall in particular 
focus on charge equilibration modes. By looking at fusion reactions, 
for which characteristic time scales are longer than for deep 
inelastic collision», one is more easily able to analyse in detail the 
properties of the charge equilibration process and to compare them 
to the known characteristics of a standard GDR motion (splitting, 
excitation energy dépendance...). We shall hence extract 
quantitative results for these modes, far beyond the mostly 
qualitative outputs of previous works (19, 20J. Tbe paper is 
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organised at follows. In section 2 we recall the main theoretical 
input* of the model and section 3 is devoted to a rapid survey of 
our practical technique of analysis of giant dipole vibrations, applied 
to isolated nuclei. Results for heavy-ion collisions are presented in 
section 4 and our conclusions are given in section 5. 

II - The Landau Vlaaov aquation and it» application to 
giant dipole saodae 

For completeness let us recall the Landau-Vlasov equation 
(LVE). for a local nuclear potential Vlf] - V(r) 121.221 

^ ^ • £ . V r f - V r V < r ) . V n r - I c o l ! ( f ) (1) 
«t m 

where the collision integral Icoll tfl is calculated in the Uehling-
Uhlenbeck approximation, namely 

Icoll<«-J J J ****$***%>««pi*P2-P3-p*)«ei*«2-e3-C4) 

« 1 -f l)(1 -f2K3f-( 1 -fj< I -LiMi ) 

J(r»l ( 2 ) 

with r-(2«tf)3~ B i

i(g4eseneracy) 

The LVE equation governs the time evolution of the phase space 
fWigner) distribution f(r,p.t) and is the semi-classical counterpart of 
the TDHF equation together with the introduction of a residual 
interaction through the collision integral 

The Uehling-Uhlenbeclc approximation for the collision 
integral (Eq. (21) can be regarded as a detailed balance procedure 
inside an elementary phase space cell within taking into account 
Paul! blocking on final states and in-medium effects through an 
effective cross-section do/dE)eff. This cross section do/dEkff mocks 
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up self-consistent in médium effects which should be incorporated 
through a complete G-matrix calculation 1231. As a simplification we 
define do/dEjeff as 

do do 
5g).IT-Y(p) dË>frM (3) 

where the attenuation factor Y has been roughly adjusted to the 
quintal G-matrix results of Cugnon et al 12-41. The calculations 
performed at intermediate energy snow that the global behavior of 
Icoil seems to be very reasonable [251. which in other words means 
that Icoli beats nuclei reasonably well. For the particular purpose of 
giant modes, however, two comments are in order. Firstly, for "taw" 
energy phenomena Ic«u (Eq (2)) can be neglected [211, so that we 
have simply dropped it in the case of isolated nuclei, hence solving 
the Vlasov equation for these systems. The damping we shall 
observe in these motions is hence purely due to the mean-field. 
Secondly, the lack of coupling of I c o u (Eq(2)) to collective modes 
makes the quantitative description of the two body collision 
damping still incomplete and only qualitative results, for example 
on the "temperature" evolution of the widths, can be extracted. 

Apart from the collision integral the basic input of the LVB 
equation is the mean-field VlfJ. Up to very recently only 
oversimplified Skyrme forces (to.tj parametrizations) were used, 
and in any case without proper isospin dépendance, which made 
them unsuited to the study of dipole modes. The Gogny interaction 
is now available in LVE calculations (26) but quite time consuming 
due to the non-locality and still without isospin dépendance, so that 
the use of a realistic Skyrme force remains a very relevant simple 
ansatz. We have introduced in our calculations the T3 interaction 
J27I, for which the one body potential has been written in the 
simple way 

V, - t«( 1 • | 4 p - V> (lo *j) p , -J ti A p • -ft fa »2) t3 p * t l 

(A) 
with to- - 3063.0 (MeV . f m3) ti - - 300 2 (MeV. fm'). t 3 -
19513.0 (MeV. fm ™ ) , l o - - 0.295 and a - 1 / 6 . and where the q 
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index labels the neutrons and protons. We have chosen this 
parametrization because of its particular simplicity while remaining 
a realistic interaction. The major drawback of this force, for our 
purpose, is however the lack of an effective mass (mVm - 1). 
which will lead to underestimating the GDR frequencies, because the 
enhancement factor is missing 128]. 

From a practical point of view the LVE equation is solved 
within using a pseudo-particle method. In this kind of Lagrangian-
like approach the resolution is based on the time propagation of a 
basis of gaussian pseudo-particles on which the Wigner distribution 
f is projected. Details on this method have already been presented 
at length elsewhere and we reTer the reader to ref. 129] for a 
comprehensive analysis. A single technical remark is however in 
order concerning the mean-field we use. Due to our sampling of the 
phase space with gaussians. whose space extension is non zero the 
t0.tl.t3 terms of the TS interaction have been sligthiy renormaiized 
in order to give reasonably bound nuclei, while keeping saturation 
properties nearly untouched. 

I l l - Description of giant dipole modes. The case of 
isolated nuclei. 

In this section we shall give an overview of some technical 
aspects of our calculations, regarding the way of analysing giant 
dipole motions and we shall also indicate the limitations of our 
approach. For this purpose we shall show the results obtained in 
isolated nuclei for simple dipole excitations. We have studied in 
detail the cases of *°Ca and 2*Ne, the latter nucleus being the fusion 
residue obtained in the model 1 2Be • 1% reaction presented below. 

In our dynamical framework the natural quantity describing 
a giant mode is the time dependant response of the system, namely 
in our particular case the dipole operator 

D( t ) - N Z e / A . « „ - * p ) (5) 

where R„. Rp respectively label the centers of mass of the neutron 
and proton distributions. The zero level of analysis of GDR is hence 

http://t0.tl.t3


s 
to plot Wt) as a function of time and extract the associated 
frequency and possibly some damping. In Figure (1 -a) is presented 
Ml) in the case of *Ca for a small amplitude (0.06 fm) dipole 
vibration in the Vlasov approximation. A remark is in order 
concerning the "smallness" of this amplitude. Due to our pseudo-
partides swarm of the phase space, to follow accurately small 
quantities for a long time is a hard task. In principle, this problem 
can be simply solved by increasing the number of coherent states 
for projecting the Wigner distribution, which smoothes the 
inhomogeneities of the phase space distribution. Practically this goal 
implies long computation times which become rapidly prohibitive 
when systematic studies are wished. We shall hence mostly restrict 
ourselves to not too small dipole oscillations, which however are 
still more or less in the harmonic regime, in order to eliminate most 
of the possible numerical effects, while using a medium size 
projection basis. Note anyhow that, as will be seen in Figure 2, such 
a restriction does not affect the frequency of tbe obtained di>>Ie 
oscillation but simply modifies the damping. Moreover, in the i&« 
of the collisions we shall study in detail, mainly large amplitude 
isospin modes will be excited. 

The striking feature of Figure ( I -a) is the dear periodicity of 
the dipole oscillation, without noticeable distorsions up to very large 
times (t < 230 fm/c or roughly 10* z ls). The giant mode is generated. 
at the initial time, by separating in space the neutron and proton 
spheres, which hence excites a Gamov-TeUer oscillation of neutrons 
against protons. The same result can also be obtained by giving to 
the initial neutron and proton spheres two opposite, uniform 
velocity fields. Moreover, an important test of the collectivity of the 
motion is to plot the time evolution of D in momentum space, i». 
Dk - NZ e / A . (P n - Pp) where P a , Pp respectively denote the center 
of mass in momentum space,of neutrons and protons. One can see 
from Figure (1-b) that Ok oscillates with the same frequency as 0 
(fig. 1 -a) and a quarter of period ahead I , as compared to the real 
space (D, figl -a) which confirms the collectivity of the excited dipole 
mode. 

As mentioned above, heavy-ion collisions involve somewhat 
large amplitude motions an example of which is presented in 
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Figure (2-a) still, as for Figure 1. in a pure Vlasov framework, i.e. 
without 2-bo4y collisions. It is clear from Figure (2-a) that the 
phonon energy associated to this motion is the same as in Figure ( I -
a), which makes the difficulties bound to the restriction to "not too 
small" amplitude oscillation somewhat secondary. A difference 
however lies in the damping of these two oscillations. As expected, 
the so-called Landau damping, which is due to the pure mean-field 
coupling to the continuum and to other collective modes, is more 
effective for large amplitude motions than in the case of Figure 1. 

In addition, as mentionned in the previous section, outside of 
the limit of small amplitude oscillations the Uehling-Uhlenbeck 
collision integral no longer vanishes and has to be introduced in the 
time evolution of the system. The effect of the two-body collisions is 
to damp very strongly (much more than the single mean-field 
coupling to the continuum) the dipole oscillation at can be seen in 
the case of 4°Ca in Figure (2-b) for the same kind of large amplitude 
motion as in Figure (2-a). Note that the global behavior of Icoll (Eq. 
2) seems very reasonable as. while damping the collective motion, it 
does not affect the frequency of the mode. 

A more sophisticated level of description of giant motions 
involves the strength function S.<E) 

S (E) -£«E a -E) |<0 lD |n> |2 ( 6 ) 

which displays the eigenfrequencies and their weigtfas as a function 
of energy E. In Eq (6) notations are as usual, namely the £ n label the 
"excitation" energies of the excited states of the nucleus, with 
respect to the ground state 10 >'. 

The strength function S (E) can be obtained as a Fourier 
transform of the lime dependent response of the system (in our 
case the dipole operator DU) Eq (5)) as has been explained in detail 
in Ref. [301 for isoscalar giant monopole oscillations obtained in 
TDHF calculations. Numerical estimates of Fourier transforms 
however are very delicate, due to the necessary finiteness of the 
time interval during which the dipole operator D(t) is calculated. 
Moreover, in the case of heavy-ion collisions, the isospin modes we 
shall study, only last for a few 10 fm/c, which corresponds to à 



10 

very small number of oscillations (« 2) so that numerical Fourier 
analysis is thence difficult. 

In order to overcome tsis tecbnical difficulty we have 
chosen to fit the calculated diooie operators by simple realistic 
functions, whose Fourier transforms are analytical This assumption 
allows a unified presentation of our results in terms of the strength 
function S (G), both in the case of isolated nuclei (for which, see 
figure 4 the numerical Fourier transform is tractable, and leads 
to the same result as the fitted strength) and for heavy-ion 
collisions. 

It should be noted that this procedure is somewhat artificial 
(for collisions) in the sense that we fit D by an approximate dipole 
operator Qonly on a small time interval and assume, for estimating 
(be strength associated to fi, that fi (t) is the same from t » 0 to 
infinity. This point does not alter the results in the case of isolated 
nuclei (see figure 4) but should be kept in mind when interpreting 
the strengths associated to collisions. 

We bave fitted (for a given His) : the dipole operator DU) by 
i ' 

3 
Bt)-exp((-t /o)2)2 at cos ( <« t ) (7) 

I 

where ( a* «H ) . 1 4 i «3 and a are the variational parameters. We 
use a gaussian damping instead of the standard exponential one in 
order to avoid infiniteness when estimating the moments associated 
to such a strength function. We have checked with a great accuracy 
that a fit with an exponential damping leads to very similar results -
both for the frequencies and the width. The strength function 
associated to Q is £ 

j£ [ eip (-o»(wi* E)2/2) • exp (-d»(uj- E)*/2) J (8) 
i 
I 
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The gaussian factor allows to calculate any moment 1311 of the 
strength & (E) which have been found to provide very accurate 
estimates of the phonon energies obtained directly from the dipole 
operator DU) (Eq. 4)). 

Such fitting procedures are to be handled with caution in 
order to eliminate pure numerical effects, which can appear when 
increasing the number of variational parameters. Provided one 
keeps cautious on that point and checks that the frequencies one 
obtains are indeed the ones which could more less directly be 
measured on Wt) one has a reliable description of Wt). An example 
of the lilting procedure is presented in Figure 3 in the case of a 
dipole mode in 2 4 Ne. The strength corresponding to the "exact" 
operator DU) (Eq(4)) is plotted in Figure (4-a) while the 
schematic strength & (E) corresponding to the fitted operator DU) 
is given in Figure (4-b). The agreement between the two dipole 
operators is very good and is obtained in this case with a single 
frequen-y fit. The two strength functions are also very similar, both 
in the locarion and width of the peak, in agreement with the result 
of Figure 3. These two comparisons (D and Q and S and £ ) prove the 
accuracy of our method of analysis, which eliminates all the 
difficulties connected to numerical estimates of Fourier transforms. 

Note that the strength functions of Figure 4 give a frequency 
of order ««^17 MeV for "Ne and a width r«3.4 MeV associated to 
a pure mean-field damping. Both quantities are underestimated: 
the frequency because we use an effective interaction without 
effective mass; the width is difficult to interprète because we are 
considering a large amplitude motion and we have neglected two-
body collisions which should be included in this case. However as 
previously mentioned we do not pretend to reproduce widths in 
our semi-classical (Landau) Vlasov formalism. Note that we would 
presumably improve our value of the frequency by introducing a 
momentum dependant interaction or at least by inserting in some 
way an effective mass in the calculations. This point is anyhow 
secondary for the present purpose. 
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As a conclusion of this section let us insist upon the fact that 
the accuracy of our resolution scheme of the LVE equation allows to 
extract a reliable dlpole operator over a quite long tine scale (> 200 
fm/c). In order to analyst more easily the giant modes obtained 
during heavy-ion collisions we shall fit the obtained dipole operator 
by a simple ansatz which provides both an accurate estimate of the 
associated strength function and an easy way of analysis 

IV - Excitation of Giant Dipole Modes ia heavy-ioa 
collisions - The charge «quilibraiisa process 

4 - 1 Introductory remarks 

Beyond the study of simple dipole oscillations in isolated 
nuclei, a major interest of the LVE approach is to allow for realistic 
simulations of heavy-ion collisions and the possible study of 
corresponding excited isospin modes. Essentially, two points t e of 
interest : the dipole oscillation in a hot fusion résidu? and the 
charge equilibration process. In the first case it seems, froai 
experimental grounds, that the dipole mode is statistically built on 
the excited states of the "hot" nude'js. which implies that the 
system has had time enough to therntalize «soma iO-?*s) I32L This 
"delay" in the actual escalation of the resonance maires its 
simulation in LVE dynamics difficult for the simple reason of 
conserving a sufficient numerical accuracy, over a large time scale, 
when one wants to start from the onset of the collision itself. Note, 
however, that such a calculation is, in principle, not beyond the 
possibilities of a LVE dessription as the Uehling-Uhlenbeck collision 
integral partiaii/ mocks up a statistical finite temperature 
occupation of the continuum. However, if the Hypothesis of thermal 
equilibrium is realistic other approaches, either static (11.131 or 
dyw.mical [16,171 bocome relevant, much simpler than a full phase 
space LVE calculation, and would allow f « a more sophisticated 
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description, for example. of the temperature dépendance of the 
damping. 

The question we snail address to here, in detail, concerns the 
i'yospin modes observed in the entrance channel of heavy ion 
reactions. Extensive studies of charge equilibration have already 
been performed both experimentally and theoretically (33.341 (see 
also Ref. [71 for a recent reviev). The precise mechanism of such 
excitations can however essentially be understood via realistic 
simulations of collisions. The results of TDHF calculations indicate 
that charge equilibration seems to have, at least qualitatively, the 
characteristics of a giant dipole mode (191. 

In Figure 5 is plotted the dipole operator along the axis 
joining the two centers of mass of neutrons and protons for the 1 6 0 
» *>Ca reaction at 3 MeV/A beam energy and b - 4 fm impact 
parameter, which corresponds to an angular momentum L • 22.4 h 
and for which fusion occurs. Calculations have been performed both 
at the Vlasov and Landau-Vlasov levels and should be compared to 
the TDHF résulta of Ref.119]. In the Vlasov case (Fig. (5-a)) we find 
that the first dipole oscillation has a frequency of order 12.5 MeV, 
in agreement with the estimates of Kef. 1191. the small variance 
being possibly due to different characteristics in the effective 
interactions used and to sligthly different impact parameters. We 
have not followed the system for times as long as in the TDHF 
approach but ar> overall agreement between the two calculations 
already stems from our results. When introducing two-body 
collisions we find a somewhat different frequency for the first 
oscUlation.This could however bedueto numerical effects jnthecollisbn 
integral for small amplitude motions,related to the inhomogeneities 
of the phase space generated by our initial sampling. Beyond 
around SO f m/c one also observes a different behavior with a much 
larger amplitude oscillation, presumably generated by the strong 
isosp:v. dépendance of the nucleon-nudeon cross sections entering 
the collision integral. The frequency corresponding to the latter 
motion is around fiu - 8 MeV. It should however be noted that, in 
order to make a more accurate analysis of the characteristics of the 
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dipole mode excited one has to pass on to the intrinsic (rotating « 
major aiis of toe mass distribution) frame. This is done in Figures 
15-c) and (S-d) where DU) is plotted «long the small and large axis 
of the mass distribution in the case of tbe Vlasov calculation (figure 
(5-*))- Although quantitative results are still not easy to extract due 
to the small amplitudes involved one can clearly separate two 
groups of frequencies, one around 8-10 MeV associated to the large 
axis and one around 20 MeV along the small one. a splitting which 
is expected in a deformed system. 

The comparison withTDHF results proves the ability of the LVE 
equation for describing the isospin modes occuring in the entrance 
channel of heavy-ion reactions, even at low energy (B < 10 MeV/A). 
A detailed study of this phenomenon is hence in order. In the "0 * 
<°Ca collision the amplitude of the oscillation is small due to the fact 
that the two colliding nuclei have the same Z/A ratio (0.31) so that 
the isospin mode is not initially excited, In order to make a 
quantitative analysis simpler it is more-efficient to use a system in 
which charge asymmetry is present even at the initial time 1191. 
More precisely it is easy to show that the actual separation between 
neutrons and protons ( Rap) is proportionnai to the separation (R) 
of the two colliding nuclei (Nj. Zj). WzZi) 

Nj _ Ni 
„ . 2Z Zl » 

c HI • m > ( £ • £ > 
(9) 

In order to optimize both the initial condition (Le. a large value of 
R n p ) and computation time we have chosen to study in detail the 
model 1 2Be * 12c reaction for which R a p is large ( s 1 f m at the onset 
of the collision). Moreover, as already mentioned in the introduction, 
the typical time scales involved in deep inelastic collisions, where 
the charge equilibration process usually takes place, are' very short, 
so that evaluating quantiatively the characteristics of the associated 
GDR mode is very delicate. As isospin excitations are also present at 
smaller impact parameters, fusion events, which involve larger time 



15 

scales, hence provide a useful framework for determining the 
properties of these modes. 

4.2 The 1 2 Be * >2C reaction at B - 5 MeV/A and E - 10 
MeV/A 

We have studied the «Be • 12c reaction at E - 5 MeV/A for 
impact parameters up to b - 10 fm. While "central" collisions (b « 6 
fm) lead to fusion, more peripheral cases (b «• 8 f m) show a typical 
deep inelastic behavior accompanied by a very clear charge 
equilibration between the two colliding nuclei. As an example, in 
the exit channel of the b - 8 f m collision, the l 2 Be nucleus 
(Z/A * 0.33) becomes a "Be (ZM-0.4) while the Z/A ratio of the 
target (UQ nearly does not change. In addition, typically three 
neutrons are emitted by the colliding system, a fact presumably 
enhanced by the included 2-body collisions. Let us now consider 
fusion events for characterizing this isospin mode. 

In Figures 6 and 7 are respectively presented the LVE time 
evolution (0 * t « 160 fm/c) of the density of matter p(r) in the 
reaction plane for the Be + C collision at S MeV/A and b - 0 fin and 
b - 4 fm. One sees from these figures that a deformed (rotating, in 
the case of finite impact parameter) fusion residue is formed at 
around 60 fm/c and slowly relaxes towards a spherical shape for t $ 
ISO fm/c Due to the deformation and rotation the dipole operator 
has hence to be studied along the major axis of the mass 
distribution and, possibly, in the rotating frame. In the latter case, 
as is well known, coming back to the laboratory frame would 
simply induce an additional (inertial) splitting of the strength (11. 

In Figures 8 to 10 are plotted the exact dipole operators (Eq (5)) 
associated to the Be • C reaction at E - 5 MeV/A and respectively 
for b - 0.4 and 6 fm. In the case of the central collision (Figure 8) 
Wt) (Eq. (5)) is simply drawn along the beam axis while in the 
peripheral reactions (b - 4 and 6 fm , Figures 9 and 10) the dipole 
operator is given in the reaction plane, along the 2 major axis of the 
mass distribution. In the 3 cases a very clear dipole oscillation is 
excited in the entrance channel and can be followed, due to the 
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accuracy of our resolution scheme of the LVE equation up to rather 
large times MOO fm/c) after the onset of the collisioa As can be 
seen from Figure 6 and 7 where are plotted the tira, evolution of 
the densities the total equilibration process also settles via a 
quadrupole oscillation which only slowly relaxes. The analysis of 
the frequencies of the dipole modes is hence to be done in relation 
with the time evolution of the shape cf the system sod results 
should be interpreted by comparison with Use case of a deformed 
2 4Ne. For a cold 2 4 Ne with a deformation similar to the one obtained 
in the central Be • C reaction we have found a phonon energy of 
order 14 MeV. In this case the calculation is performed by 
artificially deforming a "Ne nucleus at initial time, together witb 
exciting the GDR. No condition is superimposed for conserving this 
initial shape and the result is obtained by solving the Vlasov 
equation without collisions in order to prevent heat production. 

We have analysed our results according to the fitting 
procedure introduced in section 3. It the case of reactions, as 
already indicated the analysis is delicate due to the very short time 
scales involved, and has to be done case by case. For the central Be 
* C collision the first oscillation (60jfel20 fm/c) can be associated to 
a phonon energy cf order fiu - 11.3 MeV (with presumably a strong 
damping r - 3.5-4 MeV), while the second one, corresponding to a 
time interval in which the fusion residue is nearly spherical (see 
Figure 6) gives-Bw - 1 6 MeV. close to the spherical phonon energy 
(flu - 17 MèV). In the case of this central collision the excitation 
energy of the fusion residue is of order 70 MeV («3 MeV/A) with 
respect to the cold 2<Ne with the same initial deformation as the 
actual fusion residue. The frequency associated to the first dipole 
oscillation along the z axis . for which the shape of the system is 
more or less time indépendant (see Figure 6) as well as the one 
corresponding to the nearly spherical system hence indicate that 
the dipole resonance energy only little (-2 MeV) decreases with 
excitation energy, in agreement witb the predictions of static 
models for GDR modes [111. Note that due to the short time scales 
involved here -we prefer not to discuss this excitation energy in 
terms of temperature.* -

'Assuming T * VEÉ'/K would lead to T~ 5 MeV. 
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The striking feature of Figure* 9 and 10 which correspond to 
peripheral reactions, is the very dear separation of two different 
frequencies of vibration along the large and small axis of the 
system. As the shape of the fusion residue evolves in time one has 
to analyse the dipoie oscillations time interval by time interval. By 
taking such precautions one obtains the eipected splitting of the 
GDR strength in a deformed nucleus. More precisely the small and 
high energy frequencies are in the ratio of the lengths of the mass 
distribution axis, and at the right location* as compared'to the 
phonon energy of a cold spherical 2 < Ne nucleus HSu.17 MeV). As an 
example the first oscillation along the saisi! axis (for b-4 fm) in 
Figure (9-b) is associated to a phonon energy tit* - 24.4 MeV while 
the corresponding large axis frequency is-tto - 12.5 MeV and the 
ratio of the small/large axis is around 2 at that moment In the 
most peripheral case (b - 6 fm. Fig. ( 10-a,i<)) the initial deformation 
is even larger inducing, at least in the first stage of the collision, a 
strongly splitted dipole mode ( fcu - 26.6 MeV and-B» - 9.8 MeV for 
80 4 11100 fm/c ). The shape of the system then rapidly evolves 
leading to a smaller splitting ( Vu - 20 MeV/ «u - 10 MeV ) very 
quickly after the first stage and finally the fusion residue relaxes 
towards sphericity as in the previous cases ( b - 0 and b - 4 f m ). A 
summary of the results is presented in Figures 11,12 where the 
schematic strength f unctions(Eq (8))are presented in the cases of the 
b - 4 , and 6 fm collisions. We give in these figures the "exact" 
frequencies extracted for various time intervals and the average 
ones obtained by fitting the dipole operator directly up to around 
ISO fm/c. which eliminates the behaviors directly associated to 
rapidly evolving shapes. We remind the reader that the strength 
functions plotted in Figures 11 and 12 constitute a convenient way 
cf presenting our results, more than a possible observable object 
(see section III). 

At higher excitation energy, in the Be • C case at 10 MeV/A 
(E'^100 MeV) we still find a giant dipole mode in the entrance 
channel. The dipole operator D(t) along the beam axis is plotted in 
Figure 13 for the central collision at E - 10 MeV/A beam energy. 
The phonon energy associated to the first oscillation is of order 10.5 
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MeV, only a little smaller than for the collision at S MeV/A. Once 
again this behavior is in agreement with the case of hot GDR IllL 
The further evolution of D(t) is more difficult to interprète. In 
particular a scow what intriguing large amplitude oscillation occurs 
bnyond around ISO fm/c. It should however be noted, that in the 
case we are considering a non negligible pre-equilibrium emission 
is already present, starting at about 100 fm/c, so that the dipole 
operator should be estimated for the actual fusion residue itself. 
The values of Ml) plotted in Figure 13. whica are calculated by 
integrating over the whole space may hence be strongly affected by 
this emission of particles. 

As a conclusion of this section we want to stress the fact that 
we are able, in tbe full LVE framework to analyse in great detail 
the excitation of the charge equilibration process as well as the 
isospin modes occuring at the onset of fusion reactions. These 
nodes have all the characteristics of an excited giant dipole 
oscillation in what concerns both the possible splitting and the 
"temperature" dépendance, which, if still necessary, supports the 
collective nature of these motions. The precise study of dipole 
oscillations in deformed rotating systems, in which the shape may 
rapidly evolve in time is however very delicate and systematic 
studies, for example in a LVE framework, of such spinning objects 
could lead to a better understanding of GDR modes occuring during 
heavy-ion collisions. Such studies would give aore accurate 
estimates of the effect of various parameters such as angular 
momentum or temperature, which would allow for going beyond 
our simple analysis in terms of the ratio of the major axis of the 
mass distribution. Work is in progress in this direction. 

V. ComdiMkMB 

In this paper we have studied, in the framework of a 
recently developped resolution scheme of the Landau Vlasov 
Equation 129 ] various aspects of the GDR motions possibly occuring 
in heavy-ion collisions. 
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In a first part we have shown that, due to the accuracy of 
our numerical resolution of the LVE equation we were able to 
follow for long times ("250 fm/c) very small amplitude (0.06 fm) 
giant dipoie modes. Is the case of large amplitude oscillations the 
UehUng-Ubienbeck collision integral bas to be twitched on, and 
generates a 2-body damping, which increases the too small Landau 
damping, but which does not lead to the experimental widths due 
to its lack of coupling to collective mode*. The collision term. 
however has a reasonable behavior in what concerns the heating up 
of nuclear matter and is crucial for the proper description of heavy-
ion reactions. 

We have subsequently made a detailed study of the charge 
equilibration mode observed in the entrance channel of heavy-ion 
collisions. We have shown that, because of the realistic Skyrme 
interaction we use. we vere able to reproduce TDHF results. We 
have then studied if detail the model l 2 Be • 1% reaction at E - 5 
MeV/A and 10 MeV/A for which isospin modes are strongly 
excited. A detailed investigation of the dipoie operator along the 
two major axis of the mass distribution has shown that the" charge 
equilibration'' mode presents all the characteristics of a GDR motion 
in a deformed, strongly routing .nucleus. Moreover, the Z 4 Ne fusion 
residue obtained in the 1 2 Be « l*C collision is somewhat excited 
(E*a3 MeV/A) so that comparisons with the ground state allow for 
estimating the influe&ae of the excitation energy or temperature on 
the GDR. The interest of this method lies in the fact that there is no 
ambiguity in the definition of the "excited- nucleus as 
the heating up microscopically proceeds via the 2-body collisions. 
We nave found, in agrément with static approaches that the GDR 
energy very little decreases with increasing temperature or 
excitation energy while its width seems to more strongly depend on 
the temperature. 

As a final conclusion, let us once again stress the fact that 
our description is very little model dependent which makes our 
conclusions, in particular on the charge equilibration process, based 
on quite safe grounds. 
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Fis«ra captioas 

Fleure l 
Time evolution of the dipole operator Wt) for a small amplitude 
oscillation (0.06 fm) in 4°Ca. In figure ( 1 -a) is plotted 0 in real space 
(Eq. (5). in A/NZ . 1/e unit (fm)) and in figure (1-b) the dipole 
operator is drawn in momentum space (in A/NZ 1/e unit (fm*1)). 
Note the remarkable regularity of the oscillation- over a iong 
time scale ( - 2S0 f m/c * 10' 2 1s) and the fact that D in momentum 
space evolves in time a quarter of period ahead of D in real space. 

Figure 2 
Influence of the two-body collisions on a large amplitude dipole 
oscillation in *>Ca. In figure (2-a) (without collisions) the damping of 
the mode is only due to mean field effects. In figure (2-b) (collisions 
included) the damping is much more effective but does not give a 
complete description of the real width as no coupling to collective 
modes is taken into account in the Uehling-Uhlenbeck (UU) 
approximation of the collision integral. The UU approximation 
however allows for realistic simulations in heavy ion collisions (see 
below) .(Units of figure 1 ) 

Figure 3 
Example of the fitting procedure in the case of a large amplitude 
dipole node in 2 4 Ne. The fit (full line) is obtained by using only one 
cosine plus a gaussian damping.lUnits of figure 1 ) 

Figure 4 
Strength functions associated to the dipole operators of figure 3 : in 
Figure (4-a) the strength S(E) is directly obtained by a numerical 
Fourier transform on the exact dipole DU) (Eq (5)); in Figure (4-b) 
the strength S_(E) corresponds to the fitted dipole operator Wt> (Eq 
(7).fuU Une on Figure 3) and is simply given by the analytical 
expression Eq (8). Note the great similarity of the two strength 
functions. Ordinate scales are arbitrary. 

Figure S 
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Analysis of tbe dipole mode (DU), same units as figure 1) excited in 
tbe peripheral 1 6 0 * -*°Ca reaction at E - 5 MeV/A and b - 4 fm. 
Comparisons are to be made with tbe results of the TDHF approach 
1191. In figures (5-a) and (5-b) D is plotted along the line joining tbe 
centers of mass of neutrons and protons; calculations have been 
performed at the Vlasov (Figure (5-a)) and Landau-Vlasov (figure 
(5-b)) levels. The dipole operator is also drawn along tbe tvo major 
axis of the mass distribution (Figures (5-c) and (5-d)) in order to 
separate clearly the high and low frequencies corresponding to the 
splitting of the GDR in deformed nuclei 

Figure 6 
Plot of the density of matter in the reaction plane at various times 
(0 « t i 160 fm/c) for the «Be • 1% collision » E - 5 MeV/A lab 
energy and b - 0 fm. Each square represents a 40 x 40 fm z area 
centered on the center of mass of the system, in the x z plane (z is 
the beam axis). Contour lines are separated by O.OZ fm'3. A 
deformed compound nucleus begins to form at around 50 tm/f. and 
slowly evolves towards a spherical shape (ta 150 fm/c). 

Figure 7 
Same as figure 6 but for the peripheral 1 2B • 12c reaction at E - 5 
MeV/A beam energy and b - 4 fm. In this case the compound 
system is rotating and the dipole mtyH excited in the entrance 
chancel will be studied in the intrinsic rotating frame. 

Figure 8 
Time evolution of the dipole operator D(t) (Eq. (5). units as in figure 
1 ) along the beam axis of the central '2Be • 12C collision at 5 MeV/A 
beam energy (see figure 6). The analysis of the frequencies of the 
oscillation is to be made in correlation with the shape evolution of 
the compound nucleus (see text). 

Figure 9 
Time evolution of the dipole operator D(t) (Eq (5). units as in figure 
1 ) along the two major axis of the deformed rotating fusion residue, 
for tbe iZBe * MC collision at E - 5 MeV/A and b - 4 fm. Note the 
well separated frequencies excited along the large (Figure (9-a)) 
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and small axis (Figure (9-b)). Beyond around 120 fm/c the system 
becomes spherical and the oscillation frequencies tend towards the 
spherical one. 

Figura 10 
Same as figure 9 but for the 12Be » 1ZC collision at E - 5 MeV/A and 
b - 6 fm. (Units of Figure 1). 

Figure 11 
Schematic strength function (Eq (8). without damping) associated to 
the dipole mode presented in figure 9 (E - 5 MeV/A. b - 4 fm). The 
dashed lines represent the frequencies associated to the first part of 
the oscillation where the shape is nearly constant. Full lians 
correspond to frequencies obtained by fitting the- dipole operator 
aiong a large time iu'irval including relaxation towards tne 
spherical shape. Ordinate scales are arbitrary. 

Figure 12 
Same as figure 11 but for the case at b • 6 f m impact parameter 

Figure 13 
Dipole operator DU) for the central 12Be + -2C collision at E - 10 
MeV/A. along the beam axis. The first oscillation is more strongly 
damped than in the lower energy reaction (E - 5 MeV/A). (Units of 
Figure 1). 
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fig. 4-b 
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